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(57) ABSTRACT

Apparatuses and method are described to create an energy
harvesting microstructure, referred to herein as a transduction
micro-electro mechanical system (T-MEMS). A T-MEMS
includes a substrate, a first buckled membrane, the first buck-
led membrane has a buckling axis and is connected to the
substrate. The first buckled membrane further includes a
transduction material, a first conductor, the first conductor is
applied to a first area of the transduction material; and a
second conductor, the second conductor is applied to a second
area of the transduction material, wherein electrical charge is
harvested from the transduction material when the first buck-
led membrane is translated along the buckling axis.

47 Claims, 36 Drawing Sheets
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ENERGY HARVESTING WITH A
MICRO-ELECTRO-MACHANICAL SYSTEM
(MEMS)

BACKGROUND OF THE INVENTION

1. Field of Invention

The invention relates generally to micro-electro-mechani-
cal systems (MEMS) and or micro-opto-electro-mechanical
systems (MOEMS), and more specifically to apparatuses and
methods used to harvest energy with a MEMS or MOEMS
device.

2. Art Background

Modern society demonstrates an insatiable appetite for
energy. This appetite for energy spans a wide spectrum of
devices and uses such as implantable devices, e.g., pace mak-
ers, hearing aids, etc.; handheld devices, e.g., telephones,
smart phones, tablets, laptop computers, global positioning
system (GPS); and large devices that heat and cool buildings
and power automobiles, trucks, busses, building, etc. The list
is endless and the need continues to grow with no end in sight.
While the need for energy exists across this wide spectrum of
devices, often energy is wasted. Wasted energy, if collected,
can be used as the primary source of energy for a device.
Thus, a simultaneous need to collect wasted energy exists.
Collection of wasted energy is also referred to as energy
harvesting.

A class of materials called ferroelectrics, which includes
piezoelectric materials, can be used to harvest energy. Ferro-
electric materials can be combined with micro-electro-me-
chanical systems (MEMS) or micro-optical-electro-me-
chanical systems (MOEMS) to harvest energy, thereby
turning wasted vibrational energy into electrical energy. As
used herein such a device will be referred to as a T-MEMS
energy harvester, where “I” refers to the “transduction”
nature of the device, whereby electrical energy is generated
by an induced strain in a transduction material that produces
electrical energy in response to the strain. The resulting
T-MEMS or T-MOEMS energy harvester can be coupled to a
rechargeable battery to provide a source of electrical power
which can power a multitude of devices. The efficiency of
existing T-MEMS based harvesters has been low. This pre-
sents a problem.

Bending beam based resonance devices have been made
which include a piezoelectric material such as lead zirconate
titanate ceramic (PZT) or polyvinylidene fluoride (PVDF)
combined with a mechanical structure that is designed to
subject the piezoelectric material to strain through vibration.
However, due to the finite non-zero stiffness of the support
structure and the ferroelectric material, a significant amount
of energy goes into overcoming the bending stiffness of the
combined support structure/ferroelectric material to the det-
riment of the systems ability to harvest energy. This presents
a problem.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention may best be understood by referring to the
following description and accompanying drawings that are
used to illustrate embodiments of the invention. The invention
is illustrated by way of example in the embodiments and is not
limited in the figures ofthe accompanying drawings, in which
like references indicate similar elements.

FIG. 1A illustrates a cross-sectional view of a multilayer
microstructure, according to embodiments of the invention.
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2

FIG. 1B illustrates a cross-sectional view of a buckled layer
within a microstructure, according to embodiments of the
invention.

FIG. 1Cillustrates a cross-sectional view of a buckled layer
within a microstructure, according to additional embodi-
ments of the invention.

FIG. 1D illustrates a cross-sectional view of a buckled
layer within a microstructure, according to additional
embodiments of the invention.

FIG. 1E illustrates various projected areas of buckling
layers within a microstructure, according to embodiments of
the invention.

FIG. 2A illustrates a cross-sectional view of a multilayer
buckling layer within a microstructure, according to embodi-
ments of the invention

FIG. 2B illustrates contacting a buckled microstructure
membrane with a pseudo point load, according to embodi-
ments of the invention.

FIG. 2C illustrates a force displacement curve for a multi-
zone microstructure spring, according to embodiments of the
invention.

FIG. 2D illustrates a second stable state of a buckled mem-
brane multi-zone microstructure spring, according to
embodiments of the invention.

FIG. 3A illustrates a cross-sectional view of a buckled
multi-layered membrane within a microstructure, according
to embodiments of the invention.

FIG. 3B illustrates a force displacement curve for a multi-
zone microstructure spring, according to additional embodi-
ments of the invention.

FIG. 4A illustrates a cross-sectional view of an energy
harvesting microstructure, according to embodiments of the
invention.

FIG. 4B illustrates a top view of the energy harvesting
microstructure of FIG. 4A, according to additional embodi-
ments of the invention.

FIG. 4C illustrates a cross-sectional view of an energy
harvesting microstructure with isolated transduction regions,
according to additional embodiments of the invention.

FIG. 4D illustrates interdigitated conductors, according to
embodiments of the invention.

FIG. 5A illustrates an energy harvesting microstructure
utilizing d;; poling, according to additional embodiments of
the invention.

FIG. 5B illustrates the transduction layer of the energy
harvesting microstructure of FIG. 5A, according to additional
embodiments of the invention.

FIG. 5C illustrates a plurality of transduction regions,
according to additional embodiments of the invention.

FIG. 6A illustrates a force-displacement characteristic of a
first buckled membrane, according to embodiments of the
invention.

FIG. 6B illustrates a force-displacement characteristic of a
second buckled membrane, according to embodiments of the
invention.

FIG. 6C illustrates aligning load/displacement responses
of two coupled buckled membranes to produce a reduced
stiffness zone, according to embodiments of the invention.

FIG. 7A illustrates an operating zone of a reduced stiffness
elastic micro-mechanical structure, according to embodi-
ments of the invention.

FIG. 7B illustrates another operating zone of a reduced
stiffness elastic micro-mechanical structure, according to
embodiments of the invention.

FIG. 8 illustrates locating two substrates, according to
embodiments of the invention.
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FIG. 9 illustrates bonding two substrates together, accord-
ing to embodiments of the invention.

FIG. 10A illustrates a pair of coupled buckled membranes,
according to embodiments of the invention.

FIG. 10B illustrates a method for harvesting energy from
buckled membranes according to one embodiment of the
invention.

FIG. 10C illustrates charging a battery with energy har-
vested from buckled membranes according to one embodi-
ment of the invention.

FIG. 10D illustrates a method for harvesting energy from a
buckled membrane according to one embodiment of the
invention

FIG. 11 illustrates a mass captured between a pair of
coupled buckled membranes, according to embodiments of
the invention.

FIG. 12A illustrates stops used with a pair of coupled
buckled membranes in an exploded view, according to
embodiments of the invention.

FIG. 12B illustrates stops used with a pair of coupled
buckled membranes, according to embodiments of the inven-
tion.

FIG. 13A illustrates energy harvesting from a pair of
coupled buckled membranes, according to embodiments of
the invention.

FIG. 13B illustrates energy harvesting from a pair of
coupled buckled membranes, according to additional
embodiments of the invention.

FIG. 14 illustrates a system for harvesting energy, which
includes an activation/control circuit.

FIG. 15 illustrates a method for harvesting energy with
buckled membranes.

DETAILED DESCRIPTION

Inthe following detailed description of embodiments of the
invention, reference is made to the accompanying drawings in
which like references indicate similar elements, and in which
is shown by way of illustration, specific embodiments in
which the invention may be practiced. These embodiments
are described in sufficient detail to enable those of skill in the
art to practice the invention. In other instances, well-known
circuits, structures, and techniques have not been shown in
detail in order not to obscure the understanding of this
description. The following detailed description is, therefore,
not to be taken in a limiting sense, and the scope of the
invention is defined only by the appended claims.

Apparatuses and methods are described for harvesting
energy with a micro-electro-mechanical system which incor-
porates a transduction material, referred to herein as a
T-MEMS. In one or more embodiments a T-MEMS is made
with a buckled membrane. In one or more embodiments, a
structure with zero stiffness or near zero stiffness is created
from a pair of buckled membranes on a microstructure to
form the T-MEMS. In other embodiments a T-MEMS is made
with a reduced stiffness micro-mechanical structure (RSM)
created from a pair of buckled membranes where the stiffness
of the composite structure is a fraction of the stiffness of
either individual buckled membrane. Eliminating or lowering
the mechanical stiffness of the T-MEMS energy harvester
overcomes one of the existing problems with current vibra-
tional energy harvesters.

In various embodiments, a RSM is created from a pair of
multi-zoned microstructure springs as described in this
description of embodiments. As used in this description of
embodiments, both zero-stiffness micro-mechanical struc-
tures and reduced stiffness micro-mechanical structures are
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included in the term RSM. The RSM can be used with a
transduction micro-electro-mechanical system (T-MEMS)
device and/or a transduction micro-opto-electro-mechanical
system (T-MOEMS) device, or a user defined device that can
incorporate aspects of both MEMS and MOEMS devices.
Embodiments of the invention are not limited by the applica-
tion of the T-MEMS energy harvester, and those of skill in the
art will recognize that a T-MEMS energy harvester can be
used in embodiments of the invention with devices that do not
yet exist.

In all of the figures contained in this description of embodi-
ments, geometrical elements are presented to illustrate con-
cepts and parts of various microstructures. In so doing, geo-
metrical elements such as: thickness, lengths, displacements,
and shapes are shown which are not to scale. These geometri-
cal elements have been chosen to facilitate understanding
within the confines of the paper on which the illustrations are
presented; therefore, relative proportions and absolute
dimensions should not be inferred therefrom. Additionally, in
the figures that follow, a finite horizontal extent of substrates
and layers is shown such that only one or two buckled mem-
branes or two pair of opposing buckled membranes are illus-
trated in any given figure. Those of skill in the art will recog-
nize that the substrates can extend to encompass many
buckled membranes on a single substrate. No limitation is
intended, and the finite extent of the substrate and buckled
membranes shown is intended to preserve clarity in the illus-
trations.

FIG. 1A illustrates, generally at 100, a cross-sectional view
of'a multilayered microstructure, according to embodiments
of'the invention. With reference to FIG. 1A, the multi-layered
microstructure 102 has a substrate 104, with a thickness indi-
cated at 108. The substrate 104 can be made from a semicon-
ductor material such as silicon. A buckling layer is illustrated
at 106, with a thickness indicated at 110. In the view shown in
100, the buckling layer 106 has not released from the sub-
strate 104. The buckling layer 106 can be made of a variety of
materials such as silicon dioxide, silicon nitride, etc. selected
such that buckling is promoted in the final structure after
processing.

In one or more embodiments, the buckling layer 106 can be
made from a plurality of layers (sub-layers), as described
below in the figures that follow, or the buckling layer can be
a monolayer. An important property of the materials selected
for the buckling layer and the substrate is that a compressive
stress should be developed in the buckling layer relative to the
substrate. This is accomplished by different methods in vari-
ous embodiments, and in some embodiments it is accom-
plished by arranging for the coefficient of thermal expansion
of'the buckling layer to be less than the coefficient of thermal
expansion of the substrate. Or in the case of a multilayered
buckling layer, at least one layer of the sub-layers has a
coefficient of thermal expansion that is less than the coeffi-
cient of thermal expansion of the substrate.

The buckling layer and its sub-layers can be prepared from
an inorganic material such as silicon, silicon dioxide in any of
its forms (monocrystalline, polycrystalline, microcrystalline
or amorphous) silicon germanium, silicon nitride, silicon car-
bide, diamond, carbon, titanium nitrite, a metallic material
such as for example, titanium, gold, copper, aluminum, or
alloys thereof, an organic material such as for example, a
photosensitive resin such as benzocyclobutene (BCB),
parylene, polydimethylsiloxane (PDMS), polyethylene
terephthalate (PET), poly-para-xylylene, etc. The buckling
layer can be made by any known means or by yet unknown
means, the exact way in which the buckling layer is made
does not limit embodiments of the invention.
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Some non-limiting examples of how a buckling layer can
be formed by means known to those of skill in the art are, but
are not limited to; thin film deposition, film lamination, spin
definition, spraying organic materials, ion implantation, etc.
Thin film deposition can be performed by chemical vapor
deposition (CVD), low pressure chemical vapor deposition
(LPCVD), plasma enhanced chemical vapor deposition
(PECVD), physical vapor deposition (PVD), electrolysis,
epitaxy, thermal oxidation, and vacuum deposition.

FIG. 1B illustrates, generally at 120, a cross-sectional view
of a buckled layer within a microstructure, according to
embodiments of the invention. With reference to FIG. 1B, a
microstructure 122 has a substrate 123 and a buckling layer
128. A region having a width indicated by 124 is patterned
and etched to a depth shown as 126. Removal of substrate
123, from the region 124, causes buckling layer 128 to release
from a flat planar orientation as illustrated by 106 (FIG. 1A)
to the curved shape as illustrated by 128 (FIG. 1B). The
buckling layer 128 develops a maximum displaced height
indicated by 134. The buckling layer 128 has a horizontal
extent indicated by 132. Note that the horizontal extent 132
can be less than the extent of the region 124. The relationship
between the horizontal extent 132 and the region 124 depends
on the thickness of the buckling layer, the material properties,
the magnitude of the compressive stress, and the dimensions
and geometry of the projected shape of a buckling layer. In
one non-limiting example, a horizontal extent 132 (850 pum)
was 85% of the length of the region 124 (1000 pm). A top
view 180 of the buckling layer 128 is illustrated in 180 (FIG.
1E) for a variety of projected shapes.

FIG. 1Cillustrates, generally at 150, a cross-sectional view
of'a buckled layer (buckled membrane) within a microstruc-
ture, according to additional embodiments of the invention.
With reference to FIG. 1C, buckling of a layer can be obtained
by localized ion implantation into the layer. The substrate 154
is removed in a region 158 from behind the buckling layer
156. lons implanted during ion implantation induce a com-
pressive stress in the buckling layer 156. The compressive
stress induces buckling, which results in a release of a buck-
ling layer 156 into a curved shape that functions as a multi-
zoned microstructure spring. The magnitude of the compres-
sive stress induced in the layer depends on the dose selected
and the types of ions used. Heat treatment can be applied at
approximately 200 degrees C. to trigger release of the buck-
ling layer. 156 shows the buckling layer after release into a
curved shape. Note that the buckling layer 156 and the sub-
strate 154 can be the same material; different coefficients of
thermal expansion within layers is not required in order to
release a buckling layer via ion implantation. Thus, in the
example of FIG. 1C both the substrate and the buckling layer
can be made from silicon.

Ion implantation can also be used to release a buckling
layer when the buckling layer has a coefficient of thermal
expansion that is larger than the coefficient of thermal expan-
sion of the substrate. Formation ofa layer with a coefficient of
thermal expansion which was larger than the coefficient of
thermal expansion of the substrate would not result in release
of the buckling layer since the buckling layer would be in a
state of tension. lon implantation is used to overcome the state
of tension and to create a state of compression, which will
result in release of the buckling layer.

Note that the state of tension or compression within a
buckling layer of a microstructure depends on, in general: the
coefficients of thermal expansion of the materials (e.g., indi-
vidual; layers of the microstructure), the formation tempera-
ture of the microstructure, and the operating temperature of
the microstructure. For example, a buckling layer that is in a
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state of tension at 20 degrees Centigrade will buckle at a
temperature above 20 degrees Centigrade (e.g., 200 degrees
Centigrade) since the buckling layer will expand more than
the substrate (assuming a coefficient of thermal expansion of
the buckling layer is larger than a coefficient of thermal
expansion of the substrate). Therefore, materials, coefficients
of thermal expansion, operating temperatures, and process
steps, e.g., ion implantation are considered when buckling is
desired within a microstructure.

Many variations in microstructures can exist and many
different materials can be used for the substrate and buckling
layers. Therefore, depending on the material used for the
substrate and the material used for the desired buckling layer,
the species to be implanted via ion implantation will be
selected to achieve appropriate compressive stress within the
material’s lattice structure.

An example of a buckling layer having a coefficient of
thermal expansion that is greater than the coefficient of ther-
mal expansion of a substrate is a buckling layer made from
silicon nitride Si,N,,, having a coefficient of thermal expan-
sion of 3.4x10-6 mm/K which can be released from a sub-
strate of silicon having a coefficient of thermal expansion of
2.6x10-6 mm/K via ion implantation. Similarly, a buckling
layer can be made from alumina Al,O; and can be released
from a silicon substrate.

FIG. 1D illustrates, generally at 160, a cross-sectional view
of a buckled layer within a microstructure 162, according to
additional embodiments of the invention. Referring to FIG.
1D, a buckling layer 166 is illustrated that has reduced adhe-
sionto a substrate 164 over aregion 168. Outside ofthe region
168, the buckling layer 166 has adhesion sufficient to over-
come any differential compressive stress residing within the
buckling layer. Adhesion between the buckling layer 166 and
164 over the arca 168 is too low to prevent buckling.

Referring to 170 in FIG. 1D, release of a buckling layer can
be accomplished by application of a first layer that has limited
adhesion with the substrate 174, such as a layer 179. In
various embodiments, the layer 179 is made from an organic
material which provides less adhesion than the adhesion
obtained between the buckling layer 176 and the substrate
174. In various embodiments, the layer 179 can be made from
polyethylene terephthalate, parylene, benzocyclobutene, etc.
For example, a sub-layer of parylene can be deposited by gas
spraying on the substrate, patterned by a photolithography
step to limit application to the area where release is desired,
i.e., 178. Subsequent application of the buckling layer 176
results in limited adhesion under the area 178. Release of the
buckling layer can be accomplished by any of the methods
previously described, resulting in the buckled membrane 176.

Adhesion between a buckling layer 166 and the substrate
164 can be decreased by a process step(s) in the manufacture
of the microstructure for example by an application or a
deposition of an intermediate layer (not shown in FIG. 1D at
160), such as by application of liquids e.g., a photosensitive
resin such as Unity 2203P from Promerus, LLC.

Depending on the substrate and intended use of the micro-
structure, buckling can be induced during deposition of a
second sub-layer on top of a first sub-layer where the second
sub-layer has a higher coefficient of thermal expansion than
the coefficient of thermal expansion of the first sub-layer. A
vacuum heat treatment at 300 degrees C. for several minutes
can facilitate release of the buckling layer.

Alternatively, for a liquid sub-layer of propylene carbonate
or water, degradation of adhesion can occur from evaporation
at temperatures around 100 degrees C., resulting in release of
the buckling layer.
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FIG. 1E illustrates, generally at 180, various projected
areas of buckling layers within a microstructure, according to
embodiments of the invention. With reference to FIG. 1E, a
released buckled shape can have any type of projected area.
The shape of the projected area depends on the patterning that
was employed in order to release a buckling layer over an
area. A rectangular shape is indicated at 182, a round shape is
indicated at 184, and an oval shape is indicated at 186. A
triangular shape is indicated at 188, a square shape is indi-
cated at 190, and a general user defined shape is indicated at
192.

FIG. 2A illustrates, generally at 200, a cross-sectional view
of a multilayer buckling layer within a microstructure,
according to embodiments of the invention. In one embodi-
ment, a silicon-on-insulator (SOI) wafer 202 was patterned to
create a matrix of buckled membranes (only one is shown in
the figure for clarity). In this example, an N-type silicon
substrate 204 has a thickness of 400 micrometer (um) indi-
cated at 216. A silicon dioxide layer 206, having a thickness
208 of 2 um was thermally grown on a top layer 210 also
referred to as a device layer having a thickness 212 of 5 um
and made from the same material as the substrate 204 and
then sandwiched between the substrate 204 and device layer
210. The bottom of the substrate was patterned over an area
214 and etched to a depth of 400 pum, thereby removing the
substrate from beneath the silicon dioxide layer 206.

Various methods can be used to etch the substrate 204. For
example, in one embodiment, a layer of silicon dioxide (not
shown for clarity) was deposited on the bottom of the wafer
202 followed by a layer of photo resist (also not shown for
clarity). The photo resist was then lithographically patterned
and developed using standard micromachining techniques. A
Buffered Oxide Etch was then used to etch through the silicon
dioxide layer and then Deep Reactive Ion Etching (DRIE)
was used to remove silicon selectively from beneath the sili-
con dioxide layer 206. Other techniques can be used such as
an anisotropic wet etch using Tetramethylammonium
Hydroxide (TMAH). Other micromachining techniques can
be used; embodiments of the invention are not limited by the
choice of micromachining techniques.

After removal of the substrate 204, over the area 214, the
silicon dioxide/device layer 206/210 releases to form a buck-
ling layer 205 with two sub-layers. This is the first of two
stable states for the buckling layer. The other or second stable
state is referred to as a “popped through” position and is as
illustrated below in FIG. 2D. In this example, the resulting
buckled membrane 205 had a projected area which was
square in shape with dimensions of 1 millimeter (mm) on
edge. A resulting maximum deflected height 218 is approxi-
mately 15 pm.

FIG. 2B illustrates, generally at 220, contacting a buckled
microstructure membrane with a pseudo point load, accord-
ing to embodiments of the invention. Referring to FIG. 2B, a
calibrated micro Newton (uN) force sensor 222 is used to
apply a pseudo point load to the buckled membrane 205 over
a contact area 226. In the experiment resulting in the mea-
surement shown below in FI1G. 2C, a force sensor from Fem-
toTools model FT-S270 was used. This force sensor, mounted
to a piezoelectric actuator with a translation range of 20 um,
is capable of applying loads in the micro Newton range (UN).
Force sensor 222 has an actuator 224. The actuator 224 has a
contact pad 228 which applies the load to the buckled mem-
brane 205 over the contact area 226. The contact area 226 is
the portion of the buckled membrane 205 that is directly
under the contact pad 228. The contact area 226 is much
smaller than the surface area of the buckled membrane 205.
The dimensions of the contact pad are 50 um by 50 pm. It is
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important to note that the force sensor 222 and the actuator
224 are used to apply a controlled displacement (along with a
corresponding application of force) to the buckled membrane
205. The controlled displacement is used to determine a load
the buckled membrane applies in response to the controlled
displacement.

During the measurement procedure that resulted in the
measurement presented in FIG. 2C, the force sensor actuator
224 (FIG. 2B) applies a load to the buckled membrane 205,
which causes the buckled membrane 205 to translate in the
direction indicated by an arrow 231. One such subsequent
position associated with the translation of the actuator 224
and the buckled membrane 205 is illustrated by the dashed
lines indicating the displaced position of the actuator and
membrane and a point 230. The point 230 shows the location
of the actuator tip-buckled membrane interface at one point
during the measurement procedure. Following the procedure
of applying an increasing displacement to the buckled mem-
brane 205 the measured force verses displacement curve
reveals a multi-zoned spring as illustrated in FIG. 2C. This
multi-zoned spring has a force-displacement characteristic
which corresponds to a stiffness profile which is initially
positive, transitions through zero and then becomes negative.
Further application of force results in a large deflection of the
buckled membrane to a second stable state with curvature that
is opposite that of the first stable state. The second stable state
is illustrated below in conjunction with FIG. 2D.

FIG. 2C illustrates, generally at 240, a force-displacement
characteristic for the multi-zone microstructure spring of
FIG. 2A and FIG. 2B, and a corresponding stiffness-displace-
ment relationship, generally at 260, according to embodi-
ments of the invention. With reference to FIGS. 2C and 240,
forceis plotted on the vertical axis 242 in micro Newtons (UN)
and displacement is plotted on the horizontal axis 244 in
nanometers. A corresponding stiffness-displacement rela-
tionship is plotted in 260 with stiffness plotted on the vertical
axis 262 with units of kiloNewtons/meter and displacement
plotted on the horizontal axis 264 with units of nanometers.
The force-displacement characteristic 240 reveals a multi-
zone microstructure spring, characterized by three zones.

A first zone, indicated by 248 and 268, the positive stiffness
zone, is characterized by increasing force with increasing
displacement of the buckled membrane. A second zone, indi-
cated by, 246 and 266, the zero stiffness zone, is characterized
by a constant force-displacement condition. A third zone 250
and 270, the negative stiffness zone, is characterized by
decreasing force with increasing displacement. As used in
this description of embodiments, the term “zone” can imply a
point or a region. The extent or lack of extent of a “zone” is
determined by the particular physical structure. As such, in
some cases, the zero stiffness zone will exist as a point. No
limitation is implied by the use of the term “zone” to charac-
terize the physics of the multi-zone microstructure spring.

When the buckled membrane passes a displacement illus-
trated at 254, the buckled membrane quickly translates away
from the force sensor actuator 224 to assume its second stable
state as shown generally at 270 in FIG. 2D at 262.

The methods described above provide an ability to charac-
terize the physical behavior of a MEMS structure or a
MOEMS structure which is superior to exposing the entire
surface of such structures to a uniform load through for
example pressure exerted by a fluid or a gas. Once character-
ized, the resulting membrane stiffness together with a known
environmental acceleration level are used to determine the
size of a sprung mass (attached to the membrane) needed to
cause the membrane to transition from the first popped
through state to the other in the energy harvester.
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In the case of a membrane having a stiffness similar to the
one measured in FIG. 2C, in one embodiment, an acceleration
level of 9.8 m/sec™2 (typical of levels experienced during
walking) and a sprung mass 0f'0.2 grams are used to cause the
buckled membrane to transition between the two stable states.

Note that whenever particular values are given, they are
given by way of illustration only and are not meant to limit
embodiments of the invention. Those of skill in the art will
recognize that the dimensions and composition of the mem-
brane can be changed, resulting in a different size of the
sprung mass. Similarly, the environmental acceleration levels
can be changed which can result in a different desired sprung
mass.

FIG. 3A illustrates, generally at 300, a cross-sectional view
of a buckled multi-layered membrane within a microstruc-
ture, according to embodiments of the invention. Similar to
the microstructure of FIG. 2A, in one embodiment, a silicon-
on-insulator (SOI) wafer 302 was patterned to create a matrix
of buckled membranes. In this example, an N-type silicon
substrate 304 has a thickness of 400 micrometer (um) indi-
cated at 320. A silicon dioxide layer 306, having a thickness
308 of 2 um was thermally grown and sandwiched between
the substrate 304 and a layer 310. The layer 310 has a thick-
ness 312 of 5 um and is made from the same material as the
substrate 204 (FIGS. 2A, 2B and 2D). Next a 500 angstrom
thick titanium layer 324 was evaporated to the silicon layer
310. A 3000 angstrom thick gold layer was evaporated on top
of the titanium layer. The bottom of the substrate was pat-
terned over an area 318 and etched to a depth of 400 pm;
thereby removing the substrate from beneath the silicon diox-
ide layer 306.

Similar to the etching applied to the microstructure of FIG.
2A, various methods can be used to etch the substrate 304,
prior to release of a buckling layer 326. For example, in one
embodiment, a layer of silicon dioxide (not shown for clarity)
was deposited on the bottom of the wafer 302 followed by a
layer of photo resist (also not shown for clarity). The photo
resist was then lithographically patterned and developed
using standard micromachining techniques. A Buffered
Oxide etch was then used to etch through the silicon dioxide
layer and then Deep Reactive lon Etching (DRIE) wasused to
remove silicon selectively from beneath the silicon dioxide
layer 306. Other techniques can be used such as an anisotro-
pic wet etch using Tetramethylammonium Hydroxide
(TMAH). Other micromachining techniques can be used as
well; embodiments of the invention are not limited by the
choice of micromachining techniques.

After removal of the substrate 304, over the area 318, the
buckling layer 326 (which includes layers 306, 310, 324, and
314) releases to form a buckling layer 326 having four sub-
layers. In this example, the resulting buckled membrane 326
has a projected area which was square in shape with dimen-
sions of 1 millimeter (mm) on edge, with a predominantly
circular curved shape buckling out of the horizontal plane of
the substrate. A resulting maximum deflected height 322 is
approximately 10 um.

During the measurement procedure that resulted in FIG.
3B, the force sensor actuator 224 (shown in FIG. 2B but not
shown in FIG. 3A for clarity) applies a load to the buckled
membrane 326 (FIG. 3A) which causes the membrane to
translate in the direction indicated by an arrow 327 (FIG. 3A).
As described above in conjunction with FIG. 2B, the proce-
dure results in force and displacement being recorded as the
buckled membrane is translated by application of the pseudo
point load applied by the force transducer actuator. Subse-
quent positions associated with the translation of the buckled
membrane and the force transducer actuator are not shown for
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clarity. The procedure applied to the buckled membrane 326
reveals a multi-zoned spring as illustrated in FIG. 3B. This
multi-zoned spring has a force-displacement characteristic
which corresponds to a stiffness profile which is initially
positive, transitions to zero and then becomes negative. Fur-
ther application of force results in a large deflection of the
buckled membrane to a second stable state with curvature that
is opposite that of the first stable state.

FIG. 3B illustrates, generally at 330, a force-displacement
characteristic for the multi-zone microstructure spring of
FIG. 3A, and a corresponding stiffness-displacement rela-
tionship, generally at 360, according to embodiments of the
invention. With reference to FIG. 3B at 330, force is plotted
on the vertical axis 332 with units of micro Newtons (uN) and
displacement is plotted on the horizontal axis 334 with units
of nanometers. A corresponding stiffness-displacement rela-
tionship is plotted in 360 with stiffness plotted on the vertical
axis 362 with units of kiloNewtons/meter and displacement
plotted on the horizontal axis 364 with units of nanometers.
The force-displacement characteristic 330 reveals a multi-
zone microstructure spring characterized by three zones.

A first zone indicated by 338 and 368, the positive stiffness
zone, is marked by increasing force with increasing displace-
ment of the buckled membrane. A second zone indicated by
336 and 366, the zero stiffness zone, is characterized by a
constant force-displacement condition. A third zone 340 and
370, the negative stiffness zone, is characterized by decreas-
ing force with increasing displacement. The zero stiffness
zone 336/366 can be a point or a region. No limitation is
implied by the use of the term “zone” to characterize the
physics of the microstructure spring.

When the displacement of the buckled membrane
approaches the end of the negative stiffness zone, as indicated
by 344, the buckled membrane quickly translates away from
the force sensor actuator 224 to assume its second stable state
which is qualitatively shown at 262 in FI1G. 2D.

The addition of the metal layers, i.e., 500 angstroms of
titanium 324 and 3000 angstroms of gold 314 has increased
the linearity of both the positive stiffness zone and the nega-
tive stiffness zone as illustrated by the measurements pre-
sented in FIG. 3B. In various embodiments, a substantially
linearized negative stiffness spring is obtained from a buckled
membrane within a microstructure. Such devices have three
zones for operation, which are selectable based on an initial
displacement from a rest position of the buckled membrane.

In wvarious embodiments, the buckled membranes
described in the figures above are configured with one or
more transduction layers or regions of material to create an
energy harvesting microstructure. FIG. 4A illustrates, gener-
ally at 400, a cross-sectional view of an energy harvesting
microstructure, according to embodiments of the invention.
With reference to FIG. 4A, a multi-layered microstructure is
provided for use as a transduction micro electro-mechanical
system (T-MEMS) 401. T-MEMS 401 contains a substrate
402 and buckled membranes 414a and 416a. In one or more
embodiments, the substrate 402 can be an N-type silicon
substrate. Buckled membranes are released from substrate
402 over regions 422 and 424 by means described above in
the preceding figures.

A first conductive layer 406 is deposited on the substrate
402 prior to etching substrate from regions 404a and 4045.
Alternatively, a layer of silicon dioxide is deposited on sub-
strate 404 before application of the conductive layer 406. In
some embodiments a conductive layer is applied from a film
of LaNiO3 as described in the figures that follow. The first
conductive layer 406 can be made out of doped poly-silicon
or a metal layer can be deposited to provide the first conduc-
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tive layer. A transduction material or layer is shown at 410.
The material used for the transduction layer produces a volt-
age in response to induced strain. The transduction material
can be any material that produces a voltage in response to
strain.

In various embodiments, the transduction layer 410 can be
made from a ferroelectric material. Ferroelectric materials
include the class of materials know as piezo-electric materi-
als. Some examples of ferroelectric (and as well piezo-elec-
tric) materials are lead zirconate titanate ceramic (PZT), poly-
vinylidene fluoride (PVDF), polyimide, aluminum nitride
(AIN), zinc oxide (Zn0O), etc. Embodiments of the invention
are not limited by the choice of transduction material and
transduction materials that are yet unknown can be used in
embodiments of the invention.

A second conductive layer 408 is in contact with the trans-
duction layer 410. The second conductive layer 408 can made
from doped poly-silicon, a metal layer, an LiNiO3 film, etc.
An optional layer 412 can be added to the second conductive
layer 408. The optional layer 412 can be an insulating layer
made from silicon dioxide or other material.

After the transduction layer 410 is applied; with the first
conductor 406 and the second conductor 408, in the case of
ferroelectric materials, the transduction material 410 is poled
by application of an electric field using the first conductive
layer 406 and the second conductive layer 408 at a tempera-
ture above the Curie temperature for the ferroelectric mate-
rial. Subsequent to poling and cooling the material will
exhibit the piezoelectric effect: application of an electric field
applied to the material will produce an expansion or contrac-
tion of the ferroelectric material and strain of the material will
produce an electric potential across the material, current
therefrom can be harvested, resulting in the “harvesting of
energy.”

The constitutive equations for a piezoelectric material are
direction dependent; the material will produce different
responses depending on the poling axis and the excitation
axis. Described herein for the case of a membrane are two
axes, the in-plane axis of the membrane and the axis that is
perpendicular to the in-plane axis, which is referred to herein
as the thickness axis or thickness direction. For the sake of
discussion and convention, two modes are important for a
membrane, the d;; mode and the d;; mode. In the d;; mode,
the material is poled in the 3 direction (430) and the strain is
applied in the 3 direction (430), the in-plane axis. In the d;,;
mode, the material is poled in the 1 direction (431) and the
material is strained in the 3 direction (430). The 3 direction
(430) is the in-plane axis of the membrane and the 1 direction
(431) is perpendicular to the plane of the membrane. Thus, the
description given for FIG. 4A above describes d;; poling. d;;
poling is described below in FIG. 4D, and FIG. 5A-5C.

In one or more embodiments, lead zirconate titanate
ceramic (PZT) is used for the transduction material that is
used in a transduction layer or region of the transduction
electro-mechanical system (I-MEMS). A PZT layer can be
created in various ways as is known to those of'skill in the art.
One such way, given herein as a non-limiting example starts
with a PZT solution created with lead acetate trihydrate,
titanium-IV isopropoxide, and zirconium-IV propoxide as
precursors and 2-methoxyethanol as a solvent. In order to
maximize the efficiency of a T-MEMS device it is desirable to
maximize the piezoelectric constants of the transduction
region. Inthe case of a PZT material this occurs when the ratio
of Zr to Ti is in the ratio of 52/48.

A sol-gel based 52/48 PZT thin film begins with lead
acetate trihydrate and 2-methoxyethanol dehydrated at 120
degrees Centigrade. The zirconium-IV propoxide, titanium-
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IV propoxide, and 2-methoxyethanol are mixed and stirred at
25 degrees Centigrade and the result is combined with dehy-
drated lead acetate trihydrate. This mixture is refluxed for
three hours at 120 degrees Centigrade and by-products are
distilled off at 120 degrees Centigrade. Formamide, 4% by
volume, is added as a drying control agent after refluxing. The
resulting PZT solution has a concentration of 0.4 M (molar).
Other concentrations can be created and used to create the
PZT film.

In one embodiment, the starting substrate consists of a
silicon dioxide layer deposited on a silicon wafer, known as
SOI to those of skill in the art; other wafers can also be used.
The thickness of the silicon dioxide layer can vary and in
some cases it is desirable for this layer to be between 0.5 um
(micrometers) and 2.0 um thick. In other cases the silicon
dioxide layer can be tens of micrometers in thickness.

The silicon dioxide layer is followed by application of a
200 A (angstrom) thick layer of Ta (Tantalum) or Ti (Tita-
nium) adhesion layer and then an 800 to 2000 A layer of Pt
(Platinum). The Pt layer becomes one the electrodes (conduc-
tors) needed for the PZT layer. Ta, Ti, and Pt can be applied by
sputtering or by other standard micro-machining techniques.

The PZT film is built-up by repetition of processing steps
as follows: (1) PZT solution is deposited onto the Pt layer; (2)
the substrate is spun for 30 seconds at 2500 RPM; (3) the
wafer is placed on a hot plate for pyrolysis at 350 degree
Centigrade for 2 minutes; (4) after every four deposition and
pyrolysis cycles (steps 1-3 equals one cycle) a crystallization
process is performed which is performed in a rapid thermal
annealing (RTA) furnace at 700 degrees Centigrade for 30
seconds.

The PZT film is built-up on the substrate by successive
application of steps 1-3 at a rate of approximately 0.05
um/cycle. PZT films can be grown to various desired thick-
nesses such as 0.25 pm-tens of pm. Embodiments of the
invention are not limited by the thickness of the PZT layer.

After the PZT layer has grown to the desired thickness, a
second conductor layer is applied on top of the PZT. The
second conductor can be a layer of metal such as Pt on the
order of 800 to 2000 A thick. Alternatively the second con-
ductor can be made from doped Polysilicon. The second
conductor can be deposited over photoresist for later removal
to obtain a desired pattern for the second conductor.

Alternatively, a conductive layer can be created by depos-
iting a L.aNiO3 thin film on p+ silicon, the LiNiO3 then acts
as a conductive layer. A LaNiO3 layer can be derived from a
metal organic decomposition technique (MOD). Lanthanum
nitrate and nickel acetate are used as starting materials, and
acetic acid and water are used as the solvents. Nickel acetate
is dissolved in acetic acid at room temperature and lanthanum
nitrate is dissolved in water. The two solutions are mixed
together and formamide is added to prevent cracking of the
film during pyrolysis (water/formamide volumetric ratio of
6:1). Acetic acid is added to achieve a final concentration of
approximately 0.3M.

The LaNiO3 film is prepared by spinning the solution onto
the silicon substrate at several thousand RPM for 30 seconds.
Following spinning, annealing is performed at 300 degrees
Centigrade for 60 seconds. The film is then annealed at 700
degrees Centigrade for 60 seconds using rapid thermal
annealing (RTA). The deposition and annealing processes are
repeated until the desired LaNiO3 film is built-up to the
desired thickness. Typical LaNiO3 film thicknesses are in the
range tenths of micrometers with 0.3 um being a typical
thickness.

The PZT film can be poled by application of an electric
field across the two conductors. Poling field strength is in the
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kilovolt/cm range, with 20-80 kilovolts/cm being a typical
range. Poling temperatures range from room temperature to
above the Curie temperature for the transduction material.
Poling times are on the order of minutes. When the PZT film
is poled at elevated temperature the resulting piezoelectric
coefficients are at a higher value. In one embodiment, a PZT
film is poled for 15 minutes at 50 kV/cm at room temperature
and in another embodiment, the PZT film is poled at 200
degrees Centigrade for 15 minutes resulting in an increase in
the value of the piezoelectric constants.

In other embodiments, polyimide is used for the transduc-
tion material. Polyimide is a flexible material that can main-
tain its piezoelectric properties up to 150 degrees centigrade.
A process for applying layers or regions of polyimide consists
of spin-casting onto a silicon wafer. A polyimide precursor
solution is prepared with concentrations of 15% or 20% by
weight of polyimide being typical. The surface on which the
polyimide film is to be applied must be dry therefore, a short
15 second, 90 degree centigrade pre-bake is used to remove
moisture from the wafer. Nominal spin speeds of 4000 revo-
Iutions per minute are used and application of the polyimide
precursor material at 15% and 20% concentrations results in
afilm thickness of 1.3 um and 4.0 um respectively. Successive
applications of the precursor material can be employed to
build up a thicker film if desired. After the polyimide film has
been deposited the solvents are driven off with a 24 hour bake
at 90 degrees centigrade. A conductive layer can be applied by
sputtering a metal layer thereon such as aluminum. The alu-
minum electrode can be patterned with standard lithography
and etching. The polyimide can be etched in an O, plasma.
Alternatively, a directional reactive ion etch can be used on
the polyimide. Additional details on using a polyimide layer
in a micro-machined structure can be found in Piezoelectric
Polyimide MEMS Process, National Institute of Aerospace,
NASA Langley Research Center Hampton, Va. 23681.

In various embodiments, other materials such as aluminum
nitride (AIN) are used for the transduction layer. AIN films
can be sputtered onto a silicon substrate and processed with
standard micromachining techniques. Alternatively, in other
embodiments, Zinc Oxide (ZnO) is used as the conduction
material. ZnO is applied to a substrate by various techniques
such as sol-gel technique, chemical vapor deposition, (CVD),
pulse laser deposition (PLD), spray pyrolysis, magnetron
sputtering, etc.

The buckled membrane 414a is shown in a first stable state.
A second stable state or popped through state is indicated at
414b. A mass 418 is attached to the buckled membrane 414a.
Vibrations from any source of origin (and the resulting accel-
erations therefrom) will cause the mass 418 to apply a force to
the buckled membrane 414a, thereby causing the buckled
membrane 4144 to travel from one stable state to the other
generating energy from the strain imparted to the transduc-
tion layer 410 over regions 422 and 424 as the membrane
flexes. Optional stops can be provided, as described below in
conjunction with FIGS. 12A and 12B to keep the buckled
membrane vibrating in a zone of desired stiffness, as
described below in conjunction with FIGS. 7A and 7B.

Similarly, buckled membrane 4164 is shown in a first stable
state. A second stable state for buckled membrane 4164 is
416b. A mass 420 is attached to the buckled membrane 416a.
Vibrations from any source of origin (and the resulting accel-
erations therefrom) will cause the mass 420 to apply a force to
the buckled membrane 416a, thereby causing the buckled
membrane 4164 to travel from one stable state to the other
generating energy as it does so. The energy generated by the
moving membranes is harvested and transferred to an energy

10

15

20

25

30

35

40

45

50

55

60

65

14

storage device such as a capacitor or rechargeable battery
using appropriate circuit elements not shown.

An extent of the buckled membrane 4144 is shown at 422.
Similarly, an extent of the buckled membrane 4164 is shown
at 424.

FIG. 4B illustrates, generally at 450, a top view of the
energy harvesting microstructure 402 of FIG. 4A, according
to additional embodiments of the invention. With reference to
FIG. 4B, a top view 454 of the first buckled membrane 414a
is shown and a top view 458 of the second buckled membrane
416a is shown. Any number of additional buckled membranes
can exist on the T-MEMS of FIG. 4A and FIG. 4B. Two
optional additional buckled membranes are shown at 460 and
462.

The plurality of buckled membranes shown in FIG. 4A
(414a and 4164, etc.) are configured with common first and
second conductors which combine, in parallel, the electrical
energy outputs of the buckled membranes within the conduc-
tors. In some embodiments, it is desirable to be able to access
the electrical outputs of buckled membranes individually
without combining them in the conductor; such a mechanism
is shown in FIG. 4C.

FIG. 4C illustrates a cross-sectional view, generally at 470,
of an energy harvesting microstructure with isolated trans-
duction regions, according to additional embodiments of the
invention. With reference to FIG. 4C, the transduction layer
410 from FIG. 4A is partitioned into multiple transduction
regions, i.e., a transduction region 410a and a transduction
region 4105. Insulating material 411 is used in between the
transduction region 410a and the transduction region 41054.
Insulating material 411 can be made, in one example, from
silicon dioxide (Si0,).

Similarly, the first conductor 406 from FIG. 4A is divided
into individual conductors 406a and 4065, thereby separating
electrically the first conductor into areas specific to the trans-
duction region 410a and the transduction region 4105. Insu-
lating areas 407 within the layer of the first conductor can be
made in one embodiment from SiO2. The second conductor
408 FIG. 4A is divided into individual conductors 408a and
4085, thereby separating electrically the second conductor
into areas specific to the transduction region 410a and the
transduction region 41054. Insulating areas 409 within the
layer of the second conductor can be made in one embodi-
ment from SiO2. Appropriate connection to the conductors
406a and 408a allows the energy from transduction region
410aq to be channeled separately from the energy from con-
ductors 4065 and 4085. Energy from the transduction region
4105 is accessed from the conductors 4065 and 4085.

FIG. 4D illustrates, generally at 480, interdigitated con-
ductors, according to embodiments of the invention. With
reference to FIG. 4D, a microstructure 482 has a surface 484.
The surface 484 can be in various embodiments, a layer or
region of transduction material.

A first conductor 486 includes a plurality of semicircular
portions 488. A second conductor 490 includes a plurality of
semicircular portions 492. Semicircular portions 488 and
semicircular portions 492 are separated by a distance d (indi-
cated at 494) and are referred to as interdigitated. In various
embodiments, interdigitated conductors 490/492 and 486/
488 are located on the same surface 484, which puts both
conductors on the same side of the transductive layer or
region.

Interdigitated conductors can be arranged in a variety of
geometries such as circular, oval, square, etc. When an elec-
trical field is applied between the first conductor 486/488 and
the second conductor 490/492 the transduction layer or
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region is poled in the 3 direction (see FIG. 4A at 430), which
utilizes the d,; direction of the transduction layer or region.

The two interdigitated conductors 486/488 and 490/492
are applied by means described herein and by means know to
those of skill in the art.

FIG. 5A illustrates an energy harvesting microstructure
utilizing d, ; poling, generally at 500, according to additional
embodiments of the invention. With reference to FIG. 5A, a
multi-layered microstructure is provided for use as a trans-
duction micro-electro-mechanical system (T-MEMS) 501.
T-MEMS 501 contains a substrate 502 and buckled mem-
branes 514a and 516a. In one or more embodiments, the
substrate 502 can be an N-type silicon substrate. Two energy
producing membranes are shown in 501; however any num-
ber of energy producing membranes can be configured into
501. A first transduction region 510a is bounded by a first
conductor 5124 and a second conductor 508. A second trans-
duction region 5105 is bounded by a first conductor 5126 and
the second conductor 508.

Using standard micromachining techniques, transduction
material is applied in a layer, which is then patterned and
etched to provide the first transduction region 510a and the
second transduction region 51054. In the case of ferroelectric
materials, the transduction region 510q is poled in the d,;
direction 430 by application of an electric field between the
first conductor 512a and the second conductor 508 at a tem-
perature above the Curie temperature for the ferroelectric
material. Subsequent to poling and cooling the material will
exhibit the piezoelectric effect: application of an electric field
applied to the material will produce an expansion or contrac-
tion of the ferroelectric material and strain of the material will
produce an electric potential across the material, electrical
charge therefrom can be harvested, resulting in the “harvest-
ing of electrical energy.” In like manner, the second transduc-
tionregion 51054 1s poled by application of an electric between
the first conductor 5124 and the second conductor 508. Note
that the electric field is applied in the “3” direction as indi-
cated at 430 which indicates the in-plane axis of the mem-
brane. When the membrane buckles and flexes from one
stable state to another the strain developed in the membrane is
also in the “3” direction.

The T-MEMS 501 can have one or more optional layers as
shown in FIG. 5A. In one or more embodiments, an optional
insulating layer 507 can be applied to the substrate 502. In one
or more embodiments, the substrate 502 can be made from
silicon and the insulating layer 507 can be made from silicon
dioxide. Also, in one or more embodiments, an optional insu-
lating layer 518 can be applied to the transduction/conductor
layer. The optional insulating layer 518 is then patterned and
etched to reveal the first conductor 5124 and the first conduc-
tor 5126. The second conductor can be accessed through
appropriate patterning and etching as well.

In various embodiments, the buckled membranes 5144 and
516a are released from the substrate 501 by etching or other
appropriate technique from the substrate 502 in the area 504
and 506 over the regions 522 and 524 as described above in
conjunction with the preceding figures. The first buckled
membrane 514a can travel as shown from a first stable state as
indicated by the dashed line of 5144 to a second stable state,
as indicated by a dashed line of 5145b. Similarly, the second
buckled membrane 5165 can travel as shown from a first
stable state as indicated by the dashed line 0of 5165 to a second
stable state, as indicated by a dashed line of 5164.

The first conductors 512a, 5125, and the second conductor
508 can be made out of doped poly-silicon or a metal such as
gold, silver, platinum, etc. or other film such as LaNiO3 can
be deposited to provide the conductors. The conductors can
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be formed by patterning and etching a conductive layer
applied either before or after the transduction material is
applied.

Just as in the case of d;; poling, described above, the
material used for the transduction regions produces a voltage
in response to induced strain. The transduction material can
be any material that produces a voltage in response to strain
such as PZT, PVDF, etc. In various embodiments, the trans-
duction regions 510a and 5105 can be made from a ferroelec-
tric material. Ferroelectric materials include the class of
materials know as piezo-electric materials. Some examples of
ferroelectric (and as well piezo-electric) materials are lead
zirconate titanate ceramic (PZT) or polyvinylidene fluoride
(PVDF). Embodiments of the invention are not limited by the
choice of transduction material and transduction materials
that are yet unknown can be used in embodiments of the
invention.

In some embodiments, it can be desirable to configure each
buckled membrane so that they are electrically isolated from
each other. In such a case, the second conductor is segregated
into separate conductors that only have contact with one
transduction region. The second conductor is patterned as is
shown by optional insulating material 518. Insulating mate-
rial 518 can be made from silicon dioxide in one or more
embodiments.

FIG. 5B illustrates the transduction layer of the energy
harvesting microstructure of FIG. 5A, generally at 550,
according to additional embodiments of the invention. With
reference to FIG. 5B, the second conductor 508 is shown in a
top view. The first conductors 512a and 51256 are shown as
well as first conductors 552a and 5525 from optional third and
fourth transduction regions.

In the case where separate electrical isolation between
transduction regions is desired, the second conductor is par-
titioned into an annular ring around the transduction region.
In such a case, with appropriate patterning and etching 518 is
an insulating material such as silicon dioxide and annular
rings 554, 556, 558, and 560 become the second conductors.
The conductors can be made from doped silicon, metal,
LiNaO3, or other conductive film.

FIG. 5C illustrates, generally at 570, a plurality of trans-
duction regions, according to additional embodiments of the
invention. With reference to FIG. 5C, a plurality of transduc-
tion regions are arranged in series and are configured for d,
poling. The series arrangement of transduction regions has a
first conductor 572 in electrical contact with a first transduc-
tion region 574. The first transduction region 574 is in elec-
trical contact with the first conductor 572 and a second con-
ductor 576. The second conductor 576 is in electrical contact
with the first transduction region 574 and a second transduc-
tion region 578. The second transduction region 578 is in
electrical contact with the second conductor 576 and a third
conductor 580. The third conductor 580 is in electrical con-
tact with the second transduction region 578 and a third
transduction region 582. The third transduction region 582 is
in electrical contact with third conductor 580 and a fourth
conductor 584.

In one embodiment, the contribution from each transduc-
tion region is dependent on the surface area of each electrode.
Contributions from each of the transduction regions 574, 578,
and 582 is obtained by poling each successive transduction
region so that the harvesting circuit will obtain either a par-
allel or series circuit. Series addition of transduction regions
as shown in FIG. 5C will increase the voltage of the electrical
energy generated from the transduction regions, and parallel
will increase the current.
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FIGS. 1A-5C above and the discussion directed to them
describe various methods of creating a transduction micro-
electro mechanical system (T-MEMS) using a buckled mem-
brane. In various embodiments, a T-MEMS is made with a
reduced stiffness microstructure (RSM). The RSM is made
from two opposing buckled membranes with tailored proper-
ties.

Referring to FIGS. 6A, 6B, and 6C, FIG. 6A illustrates a
force-displacement characteristic of a buckled membrane,
according to embodiments of the invention. A first buckled
membrane is shown generally at 600 in FIG. 6A. A first
buckled membrane 602 has a buckling direction indicated at
603; the first buckled membrane 602 is part of a first buckling
layer 605. The first buckled membrane 602 is loaded at 604,
which causes the membrane to deflect opposite to the buck-
ling direction 603. A force-displacement plot is shown at 606
with force plotted on the vertical axis at 608 and displacement
along a horizontal axis at 610. In one embodiment, the force-
displacement plot 606 is the measurement shown earlier in
FIG. 2C.

The load 604, applied to the first buckled membrane 602, is
plotted at 614, the load 614 produces a displacement 612 as
indicated on curve 606. A point 616 indicates the zero slope of
the force-displacement plot 606 which is where the stiffness
of the first buckled membrane 602 is zero.

Referring now to 630 in FIG. 6B, a second buckled mem-
brane 632 is positioned to oppose the first buckled membrane
602. The second buckled membrane 632 is part of a second
buckling layer 635. The second buckled membrane 632 is
designed to have a force-displacement characteristic 636 that
is identical to the force-displacement characteristic 606 of the
first buckled membrane 602. As used in this detailed descrip-
tion of embodiments, the term “opposing” refers to the situ-
ation where membranes have buckled in the opposite direc-
tion. Such a case is illustrated by buckling direction 633
(arrow to the right) which is opposite to the buckling direction
603 (arrow to the left) of the first buckled membrane 602
(FIG. 6A).

A load 634, imparted by the first buckled membrane 602,
displaces the second buckled membrane 632 to the left. A
point 646, on the displacement axis, indicates the zero slope
of the force-displacement plot 636 which is where the stift-
ness of the second buckled membrane 632 is zero.

Referring now to 660 in FIG. 6C, the first buckled mem-
brane 602 and the second buckled membrane 632 have been
brought together into contact with each other, thereby devel-
oping a mutual preload, to the point where the point 616 and
the point 646 overlap each other, resulting in point 662. Such
a condition is referred to as aligning the force-displacement
responses or characteristics of the two opposing membranes.
The force 612 and 642 represent equal and opposite forces
applied to buckled membrane 602 and 632, respectively.
Loads 612 and 642 are indicated in 660 as coincident with
each other.

FIG. 7A illustrates an operating zone of a reduced stiffness
microstructure (RSM), from 660 in FIG. 6C, according to
embodiments of the invention. Referring now to FIGS. 6A,
6B, 6C, and FIG. 7A, the opposing buckled membranes were
selected to provide very similar to identical force-displace-
ment responses. In this case, a zero-stiffness operating zone
was desired, the aligned opposing buckled membranes pro-
vide a zero-stiffness operating zone indicated at 702. In the
operating zone, a force applied to a membrane surface at 664
or 666, which is along the buckling directions 668 of the
membranes, produces motion of the buckled membrane
microstructure.

30

40

45

50

55

18

Asymmetry in the force-displacement characteristics
results in a net non-zero force exerted between the mem-
branes along the buckling axis in two zones. These two zones
function as potential energy stops which provide restorative
forces that help keep the opposing buckled membranes in the
operating zone 702. Two such non-zero force conditions are
illustrated in FIG. 7A.

A first zone where the net force between the membranes is
non-zero is indicated at a zone 704. In the zone 704, the
second buckled membrane 632 exerts a force on the first
buckled membrane 602 which is larger than the opposing
force exerted by the first buckled membrane 602 (e.g. 706 on
the curve 636), thereby causing the opposing buckled mem-
branes to move to the right for displacement positions in the
zone 704, such as 712. At displacement 712, the net non-zero
force exerted on the opposing buckled membranes is the
difference between the curve 636 and the curve 606, which is
indicated at 710. The force-displacement characteristics 606
and 636 for the buckled membranes 602 and 632 diverge in
the zone 704 resulting in a potential energy stop at a first limit
of'the translation range 668 (F1G. 6C in 660). At displacement
712 the net non-zero force 710 manifests on the opposing
buckled membranes as indicated by an arrow 713 which
provides a restorative force tending to return the opposing
buckled membranes to the operating zone 702.

A second zone where the net force between the opposing
buckled membranes is non-zero in indicated at 708, which is
to the right of the operating zone 702. In the zone 708, the first
buckled membrane 602 exerts a force on the second buckled
membrane 632 which is larger than the opposing force
exerted by the second buckled membrane 632 (e.g., 716 on
the curve 606), thereby causing the opposing buckled mem-
branes to move to the left for displacement positions in the
zone 708, such as 714. At displacement 714, the net non-zero
force exerted on the opposing buckled membranes is the
difference between the curve 606 and the curve 636, which is
indicated at 720. The force/displacement characteristics 606
and 636 for the buckled membranes 602 and 632 diverge in
the zone 708 resulting in a second potential energy stop at a
second limit of the translation range 668 (FI1G. 6C in 660). At
displacement 714 the net non-zero force 720 manifests on the
opposing buckled membranes as indicated by an arrow 722
which provides a restorative force tending to return the
opposing buckled membranes to the operating zone 702.
Thus, a potential energy well is created with two opposing
buckled membranes with force-displacement characteristics
that have been aligned.

The dynamic response to motion, described directly above,
the case where a zero-stiffness zone is created in a RSM can
be referred to as a potential energy well. At one end of the
translation range, along the buckling directions or axes 668, a
first potential energy stop exists within the zone at 704. A
second potential energy stop exists at the other end of the
translation range within the zone 708. In the zero-stiffness
zone 702, applied force results in kinetic energy or motion
and flexing of the buckled membranes along 668. The motion
of the buckled membranes along 668 (in the operating zone
702) results in a decrease in potential energy of one mem-
brane with a corresponding simultaneous increase in poten-
tial energy of the other membrane while the contact area of
the membranes translates along the buckling directions or
axes 668. Outside of the operating zone 702, the potential
energy of one buckled membrane is larger than the potential
energy of the other buckle membrane. This condition results
in a potential energy stop as previously described.

The alignment illustrated in FIG. 7A illustrates a method to
achieve a zero-stiffness elastic micro-mechanical structure
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(RSM). Variations from zero are obtained in different ways,
according to different embodiments. In one method, the
membranes do not have identical force-displacement charac-
teristics. This is accomplished by making one membrane
stiffer than the other. Membrane stiffness is related to mem-
brane thickness, as well as to membrane composition, such as
membrane area, material properties, etc. Therefore, in order
to create membranes with different force-displacement char-
acteristics, the membranes are intentionally made to be non-
identical to each other. One example of non-identical force-
displacement characteristics is illustrated in FIG. 7B.

FIG. 7B illustrates, generally at 750, another operating
zone of a reduced stiffness microstructure, according to
embodiments of the invention. With reference to FIG. 7B, a
single operating zone is illustrated for a RSM. A force-dis-
placement curve 756 results from a first buckled membrane. A
second buckled membrane has a force-displacement curve
represented by 758. Force is plotted on an axis 752 and
displacement of the contact area is plotted on an axis 753.
Both buckled membranes are in contact with each other and a
state of preload exists between the two buckled membranes,
which causes the membranes’ force-displacement character-
istics 756 and 758 to become aligned. However, in the present
case, there is always a non-zero force existing between the
buckled membranes. The magnitude of the force is repre-
sented by the difference between force-displacement charac-
teristics 756 and 758. For example, at a displacement indi-
cated at 754 the non-zero force is indicated at 760. Note that
the magnitude of 760 is smaller than either 762 or 764. Thus,
areduced stiffness microstructure results from the two oppos-
ing buckled membranes with non-identical mechanical prop-
erties.

In one or more embodiments, when the magnitude of 760 is
constant across the range of displacement a constant force
micro-spring results. Most linear springs are described by the
relationship F=kx, where F is the force, k is the spring con-
stant, and x is the displacement. Such a spring develops a
force that is proportional to the displacement, which means
that as the displacement increases the force increases and vice
versa. The spring represented in FIG. 7B is described by the
relationship F=c. Where F is the force and c is a constant
related to the buckled stiffness of the pair of buckled mem-
branes.

FIG. 8 illustrates, generally at 800, locating two substrates,
according to embodiments of the invention. With reference to
FIG. 8, in one embodiment, the opposing buckled membranes
previously discussed are constructed on separate substrates
and then the substrates are located via micromanipulation
before joining the substrates together. Buckled membranes
can be released from their respective substrates either before
joining the substrates together or after the substrates are
joined together via the methods previously described or by
methods as of yet unknown. Embodiments of the invention
are not limited by the way in which a buckled membrane is
released from the substrate.

In one embodiment, a first multilayered microstructure 802
has a substrate indicated at 804 and a multi-layered buckling
layer indicated by layers 822, 806, and 823. In one embodi-
ment, 822 is a layer of silicon dioxide followed by a conduc-
tive layer, 806 is a layer of transduction material, and 804 is
mono-silicon. The transduction layer 806 is followed by a
second conductive layer 823. A second multilayered micro-
structure 808 has a substrate indicated at 810 and a multilay-
ered buckling layer 820, 812, and 813. In one embodiment,
810 is a mono-silicon layer, 820 is a layer of silicon dioxide
followed by an optional conductive layer and an optional
layer of transduction material 812. The optional transduction
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layer 812 is followed by an optional second conductive layer
813. In one embodiment, spacers 814 and 816 are made from
poly-silicon and are deposited on 813. A thickness 818 of the
spacers is selected to provide the proper initial displacement
of the buckled membranes following release of the mem-
branes from their substrates. In the examples given in con-
junction with FIGS. 6A, 6B, 6C, and FIG. 7A, the desired
initial displacement of the opposing buckled membranes is
indicated as 616 and 646 (616 is equal to 646 in the example
of FIGS. 6A and 6B). Therefore, the thickness 818 of the
spacer 814 and 816 is two times the displacement 616. Alter-
natively, the thickness of the spacers 816/814 can be selected
to provide a different force-displacement characteristic for
the opposing coupled buckled membranes according to the
teaching presented herein.

To provide the desired distance between buckled mem-
branes, the spacers 816 and 814 can be chemically mechani-
cally polished to planarize the deposited surface. Alterna-
tively, optional spacers 832 and 834 can be deposited onto the
layer 806. In such a case, the thickness 818 of the spacer 816
and 814 combined with the thickness 836, of the spacers 832
and 834, to equal two times the displacement 616 (which is
also equivalent to the displacement 646 or 662). For example,
the thickness 818=836=616. Alternatively, when two spacers
are used, the desired separation between the top surfaces of
the opposing buckling layers can be apportioned between the
two spacers by any fractional distribution.

The substrate 808 and the substrate 802 are located relative
to one another by micromanipulation, indicated by arrows
826 and 830 and then the substrates are brought into contact
with one another as indicated with arrows 824 and 828. The
substrates are joined together by various means such as direct
bonding, Plasma Activated bonding, Eutectic bonding, etc.
Those of'skill in the art will recognize other bonding methods
that are suitable for this use. The bonding methods listed
herein are given by way of example and do not limit embodi-
ments of the invention.

FIG. 9 illustrates, generally at 900, bonding two substrates
together, according to embodiments of the invention. With
reference to FIG. 9, the two substrates described in FIG. 8 are
shown bonded together in 900. Note that in FIG. 9, the mem-
branes have not yet been released from the substrates. Fol-
lowing bonding of the substrates, buckled membranes are
released from the substrate 808 and 802. In one embodiment,
the outer surface of 808 and 802 are patterned and etched to
remove substrate 804 and 810 from the region between the
spacers. The resulting microstructure is shown in FIG. 10A.

FIG. 10A illustrates the state of the buckled membranes
after the membranes have been release from the substrates.
Alternatively, in some embodiments, the membranes are
released before the substrates are joined together. In such a
case the membranes are released before the substrates are
joined together and care is taken to align buckled membranes
from one substrate with buckled membranes from the other
substrate. Membranes are released following any of the meth-
ods known to those of skill in the art. The example given
above is for the purpose of illustration and does not limit
embodiments of the invention in any way.

FIG. 10A illustrates, generally at 1000, a pair of coupled
buckled membranes, according to embodiments of the inven-
tion. With reference to FIG. 10A, a multi-layered microstruc-
ture 1002 has a substrate 1004 and a first multi-layered buck-
ling layer, which includes a sub-layer 1022, a sub-layer 1006,
and a sub-layer 1021. A first buckled membrane 1028 has
been released by removal of the substrate 10244 over an area
1023.
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A multi-layered microstructure 1008 has a substrate 1010
and a second multi-layered buckling layer, which includes a
sub-layer 1012, a sub-layer 1019, and a sub-layer 1020. A
second buckled membrane 1026 has been released by
removal of the substrate 10245 over an area 1023. Removal of
substrate 1024a and 10245 cause the first buckled membrane
1028 to contact the second buckled membrane 1026 over a
contact area 1030.

A thickness 1034 of spacers 1014 and 1016 has been
designed to provide the desired force-displacement charac-
teristic for the reduced stiffness microstructure (RSM). Spac-
ers 1014 and 1016 can be sized to provide an open area (void)
between the buckled membranes that is not the same size as
the area indicated at 1023. Such variation is indicated by
dashed lines 1031 and 1032.

In one or more embodiments, the RSM of FIG. 10A has
been designed according to the descriptions presented in sup-
port of the previous figures to produce a zero-stiffnhess RSM
or a reduced stiffness RSM. In one or more embodiments, the
RSM of FIG. 10A is incorporated into a T-MEMS thereby
providing buckled membranes that have a transduction layer
or region with appropriate electrical contacts, from which
electrical energy is harvested. In various embodiments, a
transductive layer(s) or region(s) can be present in one or both
of the membranes. As described above in conjunction with
the preceding figures, vibration from a variety of sources will
flex the buckled membranes within the T-MEMS of FIG.
10A. A sprung mass 1036 will enhance the flexing of the
buckled membranes. The buckled membranes flex within a
potential energy well created by the RSM structure. The RSM
structure overcomes the initial stiffness of the spring/trans-
duction material making it possible to cause the transduction
material to flex for much lower levels of applied vibration or
by using a smaller mass for the same level of applied vibra-
tion.

As a point of comparison with the single buckled mem-
brane of FIG. 2C, 2000 uN of force is needed to move the
single buckled membrane from its rest position to approxi-
mately 9 um displacement indicated at 246. In one embodi-
ment, if the difference in stiffness between the two buckled
membranes used in FIG. 10A is kept to 5% and the buckled
membranes have the same nominal stiffhess/displacement
characteristic as that shown in FIG. 2C, then the stiffness of
the dual buckled membrane RSM of FIG. 10A is only 5% as
great as the stiffness of the single buckled membrane shown
in FIG. 2C. This means that it would only take 100 uN of force
to produce an equivalent acceleration of the dual buckled
membrane RSM. Thus, a sprung mass only 1/20 as large (0.01
gm) as the mass used in the example of FIG. 2C (0.2 gm)
above can be used to produce the same acceleration while
straining twice as much transduction material (this result is
obtained when two similar membranes are being flexed
simultaneously). Note that more than twice as much trans-
duction material can be flexed with a RSM structure as taught
herein. A RSM structure can be designed to compensate and
effectively zero out the mechanical stiffness of the mem-
branes. Thereby permitting a large amount transductive mate-
rial to undergo flexing and subsequent contribution to energy
harvesting.

The buckled membranes used in the RSM of FIG. 10A can
be made with transduction layers (regions) that have been
poled in either d;, or d,; orientation. Note also that a pair of
buckled membranes used in a RSM can be oppositely poled
(for given poling direction) to cause the contributions from
each membrane to add in series. For example, if two d;; poled
transduction microstructures are mated together to form a
RSM a first microstructure is poled such that the first conduc-
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tor 512a (FIG. 5A) is at “+” polarity and the mating micro-
structure is then poled so that the first conductor 512a (FIG.
5A) would be at “=” polarity.

FIG. 10B illustrates, generally at 1040, a method for har-
vesting energy from buckled membranes according to one
embodiment of the invention. With reference to FIG. 10B, a
method starts at a block 1042. Ata block 1044 a first potential
energy stop is provided. At a block 1046 a second potential
energy stop is provided. Energy is harvested at a block 1048
as a pair of buckled membranes flexes between the first poten-
tial energy stop and the second potential energy stop. The
method ends at a block 1050.

FIG. 10C illustrates, generally at 1060, charging a battery
with energy harvested from buckled membranes according to
one embodiment of the invention. With reference to FIG.
10C, a T-MEMS structure is shown at 1000. The T-MEMS
structure 1000 is connected an interface circuit 1064 by elec-
trical connection 1062. Electrical connections 1062 are con-
nected to a first conductor and a second conductor associated
with the transduction material of the T-MEMS 1000 as
described above in conjunction with the preceding figures.
The interface circuit 1064 is electrically connected at 1066 to
a rechargeable power source 1068. The rechargeable power
source 1068 can be a battery, a capacitor, or another structure
configured to store electrical energy. In various embodiments,
the rechargeable power source 1068 can be a rechargeable
battery made with various chemistry such as Lithium Ion,
Lithium Polymer, Lithium Iron Phosphate, etc. or with bat-
tery chemistry that has not yet been invented. Embodiments
of the invention are not limited by the type of battery chem-
istry employed for the rechargeable power source 1068.

The interface circuit 1064 has electrical parameters, such
as load resistance, etc. that are selected to optimize the
amount of electrical power that is transferred from T-MEMS
1000 to the rechargeable power source 1068. The interface
circuit 1064 can be configured to control the charging of the
rechargeable electrical power source 1068. Rechargeable bat-
teries typically have minimum and maximum voltage thresh-
olds that the charging must occur within, thus the interface
circuit 1064 can be configured to perform the charge control-
ler function as well.

In various embodiments, a plurality of T-MEMS devices
are used in place of the T-MEMS 1000 shown in FIG. 10C. A
plurality of T-MEMS devices can be configured both in a
single plane and in multiple planes. In one or more embodi-
ments, -MEMS devices are configured in mutually orthogo-
nal planes, in other embodiments, T-MEMS devices are con-
figured in planes that make an angle less than ninety degrees
with one another. By configuring T-MEMS devices in differ-
ent planes the energy harvesting device can respond to vibra-
tions independent from the orientation of the energy harvest-
ing device to the vibration excitation field.

FIG. 10D illustrates, generally at 1080, a method for har-
vesting energy from a buckled membrane according to one
embodiment of the invention. With reference to FIG. 10D, a
method starts at a block 1082. At a block 1084 a buckled
membrane is flexed with an attached mass. At a block 1086
energy is harvested from the buckled membrane. The method
stops at a block 1088. One or more T-MEMS are used in the
block 1084. The T-MEMS used in the block 1084 can be
configured with single buckled membranes, dual buckled
membranes configured as RSM or a plurality of single buck-
led membranes or a plurality of dual buckled membranes
configured as RSM devices. In various embodiments, the
energy harvesting at 1086 can be implemented with an inter-
face circuit as shown in FIG. 10C.
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FIG. 11 illustrates, generally at 1100, a mass (or spacer)
located between a pair of coupled buckled membranes,
according to embodiments of the invention. With reference to
FIG. 11, a mass 1106 is deposited on one of the buckling
layers (1028 or 1026) before the substrates are aligned and
bonded together, such as in the state of assembly shown in
FIG. 8. The thickness of the spacers 1102 and 1104 is sized to
accommodate the added thickness of the mass 1106, consis-
tent with the desired elastic response of the RSM. For
example, if a mass 1106 were added to the RSM of FIG. 10A,
an added thickness 1108 is added to the thickness 1034 of the
spacers 1014 and 1016 in order to preserve the elastic
response of the RSM.

The potential energy well described above in conjunction
with a RSM that has a zero-stiffness zone provides potential
energy boundaries which serve to limit the displacement of a
pair of opposing coupled buckled membranes. If excitation
energy is sufficiently high, the pair of coupled buckled mem-
branes can travel outside of the potential energy well bound-
aries and “pop through” to one side or the other. Popping
through can be prevented with mechanical stops. FIG. 12A
and FIG. 12B illustrate mechanical stops used with a pair of
coupled buckled membranes, according to embodiments of
the invention.

With reference to FIG. 12A, a RSM is shown at 1201. In
one embodiment, 1201 is the RSM 1000 from FIG. 10A. An
upper layer 1202 has been micro machined to produce a stop
1204 which has a height or thickness 1205. A lower layer
1206 has been micro machined to produce a stop 1208, which
has a height 1205.

In FIG. 12B at 1250 the upper layer 1202 and the lower
layer 1206 have been bonded to the RSM 1201. The upper
layer 1202 and the lower layer 1206 are positioned through
micromanipulation to place the stops at a desired location.
Desired locations can be any position behind the buckled
membrane. For example, the stop 1204 or stops 1204/1208
can be centered on the buckled membrane’s area, off to one
side, etc. The stop can be arrayed as a single stop (as shown in
FIG. 12A and FIG. 12B) or the stop 1204 can be a plurality of
stops.

The stops 1204 and 1208 limit the travel of the coupled
buckled membranes to the distance shown at 1258 and 1260.
A measurement of the force-displacement characteristic of a
buckled membrane will provide the information needed to
determine the distance represented by 1258 and 1260. Refer-
ring to FIG. 7A, one design point can be to set 1258 equal to
one half of the width of the operating zone 702. Another
design point can be wider, which can include a portion of zone
704 and 708, keeping in mind the desire to prevent pop
through. Alternatively, the stops can be located to allow pop
through.

A sprung mass can be added to the buckled membranes of
FIG. 12A and FIG. 12B to enhance flexing of the buckled
membranes and therefore the production of energy for har-
vesting when configured as a T-MEMS.

Alternatively, in one or more embodiments, the T-MEMS
shown in the figures above can be configured with an activa-
tion circuit. In some embodiments the membranes are elec-
trically independent from each other can be configured for
individual control. In such a case, the activation circuit causes
one membrane to become strained which will thereby cause
the first cycle of vibration to occur. Once placed in motion,
due to the zero stiffness or near zero stiffness of the RSM
structure, several cycles of vibration will occur; energy is
harvested during these vibration cycles. The activation circuit
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is configured to provide subsequent activation of one or the
other of the membranes in order to overcome internal friction
if necessary.

FIG. 13A illustrates energy harvesting from a pair of
coupled buckled membranes. With reference to FIG. 13A,
1300 illustrates load deflection curves and displaced shape
for a pair of buckled membranes. A first buckled membrane
1318a is illustrated in contact with a second buckled mem-
brane 1320qa, both of which are in contact at a point “C,”
labeled as 1324.

A series of force displacement plots for these buckled
membranes is shown at 1302, 1304, 1306, where the magni-
tude of the force required to displace the first buckled mem-
brane 1318a in the negative direction (to the left) is indicated
by the vertical axis at 1306. The force required to displace the
second buckled membrane 1320q in the positive direction (to
the right) is indicated by the vertical axis at 1302, displace-
ment along the buckling axes is indicated along a horizontal
axis at 1304.

In one embodiment, the second buckled membrane 1320a
contains a transductive layer with first and second electrodes.
The first buckled membrane 13184 does not contain a trans-
ductive layer; however in other embodiments the first buckled
membrane 1318a does contain a transductive layer. The force
displacement curve 1308 corresponds to the second buckled
membrane 1320a when the transductive layer is in an “open”
state, i.e., not connected to an energy harvesting circuit or
other load that would allow the electrical charge to dissipate.
The force displacement curve 1312 corresponds to the first
buckled membrane 1318a. Note that by design of the micro-
structure, the peak value of force on curve 1308 is greater than
the peak value of the force on curve 1312. As is known to
those of skill in the art, when a transduction layer is connected
to a circuit such that electrical charge can flow from the
transduction layer, the stiffness of the transduction layer is
reduced. This reduction in stiffness results in a reduction of
the force needed to produce a given displacement of the
second buckled membrane 1320a. Thus, in the figures of
1330, a force displacement curve 1332 corresponds to the
“shorted” condition for the transduction layer of the second
buckled membrane 1320a. The magnitude of the force on
curve 1332 is lower than the magnitude of the force on curve
1308 (1300). The design condition illustrated in FIG. 13A
between the first and the second buckled membranes is 1308
(open)>1312>1332 (shorted) within an operating range of the
microstructure, such as the operating range 1362 shown in
1360.

In one embodiment, the buckled membranes 13184 and
1320a are used together with a control circuit to harvest
energy. Description of an energy harvesting/control circuit is
given below in conjunction with FIG. 14. Both buckled mem-
branes are in a rest position as indicated at position “C”
labeled as 1324 in 1300. The transductive layer of the second
buckled membrane 1320a is in a state of compression while at
rest. An electrical potential is applied to the transductive layer
of the second buckled membrane 1320a by a control circuit,
which causes the state of compression within the second
buckled membrane 1320« to diminish, thereby resulting in a
displacement of the membranes to the right coming to rest at
a position “A” indicated at 1326 and “A” at 1316 at 1300.
Note, that in the embodiment described herein, one of skill in
the art will recognize that the electrical potential applied by
the control circuit is causing the second buckled membrane
1320a to contract. The displaced shapes of the buckled mem-
branes are indicated by the dashed lines 13185 and 13204.
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The electrical potential is removed from the second buck-
led membrane causing the buckled membranes to flex back to
the position indicated by “C” at 1314 and 1324 within 1330.

The charge harvesting circuit is engaged which permits
electrical energy to be harvested from the transduction layer
of the second buckled membrane 1320a/13205. The stiffness
of the second buckled membrane 13204/132056 drops when
the harvesting circuit is engaged, thus the force displacement
profile of the second buckled membrane 13204/13205 drops
to 1332 essentially moving the state of force between the two
buckled membranes from point “C” indicated at 1314 in 1330
to point “D” indicated at 1334 in 1330. This condition pre-
sents an unbalanced force relationship since force exerted by
the first buckled membrane 13184/13186 (rightward acting
force) is greater than the force exerted by the second buckled
membrane 13204/13206 (leftward acting force), thus motion
to the right results. Charge is harvested during the resulting
motion of the buckled membranes from “D” to “E” in 1330.

With reference to 1360, in one embodiment, an operating
zone for the buckled membranes is indicated by 1362. The
contact point between the two buckled membranes moves
along the buckling axes within the operating zone. Those of
skill in the art will recognize that the physical properties of the
buckled membranes and the steps described that harvest
energy can be changed and/or adapted from those shown and
described with the diagrams herein. However, such changes
and or adaptations are within the scope of the teaching pre-
sented herein which uses the variable stiffness of the buckled
membrane to facilitate energy harvesting therefrom.

FIG. 13B illustrates energy harvesting from a pair of
coupled buckled membranes, according to additional
embodiments of the invention. With reference to FIG. 13B,
1370 illustrates load deflection curves and displaced shape
for a pair of buckled membranes. In the embodiments repre-
sented in FIG. 13B the load deflection curve 1308 (associated
with the second membrane 1320a/13205) and a load deflec-
tion curve 1374 (associated with the first membrane 1318a/
1318b) do not intersect at point C (1314).

Translation of the contact area of the pair of buckled mem-
branes is constrained to an operating range 1376 by a stop
1378 and a stop 1380. Stops, such as 1378/1380 can also be
used with the buckled membranes described above in FIG.
13A. Similarly, buckled membranes having different load
deflection curves, such as for example 1372, 1374 can be used
to harvest energy.

Another embodiment of load deflection curves for a pair of
buckled membranes is illustrated by 1390. In 1390, a first
buckled membrane such as 13184/13185 has aload deflection
curve represented by 1392. Load deflection curve 1392
exceeds load deflection curve 1308 over a portion of the x axis
1304 displacement range. In one embodiment, an operating
range of the resulting coupled buckled membrane structure is
indicated at 1394.

The places of intersection between the load deflection
curves 1392 and 1308, such as point C (1314) in 1390, can
serve as “stops” for the translation of the contact area of the
coupled buckled membranes. Such locations of crossing e.g.,
point C (1314) 1390 are characterized by forces of opposite
sign. To the left of point C (1314) 1390 the first buckled
membrane 13184/1318b exerts the greater force acting to the
right. To the right of point C (1314) 1390 the second buckled
membrane exerts the greater force acting to the left. The
translational motion of the coupled buckled membranes can
be halted by such an arrangement of load deflection curves,
thereby eliminating the need for a stop such as the stop shown
in 1370.
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Thus, a variety of different load deflection curves associ-
ated with buckled membranes can be used within the teach-
ings of the embodiments of the invention to harvest energy.
The load deflection curves provided herein are merely illus-
trations of examples and do not limit the embodiments of the
invention.

FIG. 14 illustrates, generally at 1400, a system for harvest-
ing energy, which includes an activation/control circuit. With
reference to FIG. 14, a microstructure that contains a pair of
buckled membranes is indicated at 1402. A first buckled
membrane 1404 and a second buckled membrane 1406 are in
contact with each other and the mutual contact area flexes
along buckling axes 1412. In one embodiment, the second
buckled membrane 1406 includes a transductive layer with
inner and out electrodes and is indicated at 1410. Other layers
of the second buckled membrane are indicated at 1408.

A harvesting/control circuit 1420 is electrically connected
to conductors associated with the transduction layer 1410. In
various embodiments, the harvesting/control circuit 1420 is
used to both energize the transduction layer and to collect
electrical energy from the transduction layer of a buckled
membrane such as the second buckled membrane 1406.
Energy collected with the harvesting circuit is indicated at
1430. In some embodiments, the harvesting/control circuit
1420 is configured to harvest energy. In other embodiments,
the harvesting/control circuit 1420 is configured to both con-
trol various aspects of the buckled membrane and to harvest
energy.

FIG. 15 illustrates, generally at 1500, a method for harvest-
ing energy with buckled membranes. With reference to FIG.
15, a process starts at a block 1502. At a block 1504 a trans-
duction layer within a buckled membrane is charged while
buckled membrane flexes. At a block 1506 energy is har-
vested from the buckled membrane. At a block 1508 the
process ends.

The T-MEMS device is also configured with an appropriate
circuit in order to maximize energy transfer to a storage
device such as a rechargeable battery, one example of this was
illustrates above in FIG. 10C. In other embodiments, the
appropriate circuits can be included on the substrate used for
the T-MEMS.

Thus, in various embodiments, T-MEMS devices provide
structures that harvest energy that would otherwise be wasted.
T-MEMS devices can be used to power a wide range of
devices. A non-limiting list of such devices includes, but is
not limited to, implantable devices, e.g., pace makers, hearing
aids, etc.; handheld devices, e.g., telephones, smart phones,
tablets, laptop computers, global positioning system (GPS);
and large devices that heat and cool buildings and power
automobiles, trucks, busses, building, etc.

RSM devices incorporating coupled buckled membranes
can be made from a single substrate in order to avoid micro-
manipulation of separate substrates. A pair of opposing buck-
led membranes needs a cavity into which the membranes
buckle into and then contact each other following release.
Such cavities can be created by etching into a multilayered
microstructure, such as one made from a series of layers of
silicon on insulator (SOI). Following creation of a cavity,
membranes can be released by etching each respective sur-
face or by ion bombardment on the respective surfaces.

For purposes of discussing and understanding the embodi-
ments of the invention, it is to be understood that various
terms are used by those knowledgeable in the art to describe
techniques and approaches. Furthermore, in the description,
for purposes of explanation, numerous specific details are set
forth in order to provide a thorough understanding of the
present invention. It will be evident, however, to one of ordi-
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nary skill in the art that the present invention may be practiced
without these specific details. In some instances, well-known
structures and devices are shown in block diagram form,
rather than in detail, in order to avoid obscuring the present
invention. These embodiments are described in sufficient
detail to enable those of ordinary skill in the art to practice the
invention, and it is to be understood that other embodiments
may be utilized and that logical, mechanical, electrical, and
other changes may be made without departing from the scope
of the present invention.

As used in this description, “one embodiment” or “an
embodiment” or similar phrases means that the feature(s)
being described are included in at least one embodiment of
the invention. References to “one embodiment” in this
description do not necessarily refer to the same embodiment;
however, neither are such embodiments mutually exclusive.
Nor does “one embodiment” imply that there is but a single
embodiment of the invention. For example, a feature, struc-
ture, act, etc. described in “one embodiment” may also be
included in other embodiments. Thus, the invention may
include a variety of combinations and/or integrations of the
embodiments described herein.

While the invention has been described in terms of several
embodiments, those of skill in the art will recognize that the
invention is not limited to the embodiments described, but can
be practiced with modification and alteration within the spirit
and scope of the appended claims. The description is thus to
be regarded as illustrative instead of limiting.

What is claimed is:

1. An energy harvesting microstructure, comprising:

a substrate,

a first buckled membrane, the first buckled membrane has
abuckling axis and is connected to the substrate, the first
buckled membrane further comprising:

a transduction material,

a first conductor, the first conductor is applied to the trans-
duction material; and

a second conductor, the second conductor is applied to the
transduction material, wherein electrical charge is har-
vested from the transduction material when the first
buckled membrane is translated along the buckling axis.

2. The microstructure of claim 1, further comprising:

amass, the mass is mechanically coupled to move with the
transduction material.

3. The microstructure of claim 1, wherein the transduction
material is selected from the group consisting of PVDF, Poly-
imide, PZT, AIN, ZnO and a user defined material.

4. The microstructure of claim 1, wherein the transduction
material is poled within a plane of the first buckled mem-
brane.

5. The microstructure of claim 4, wherein the first conduc-
tor and the second conductor extend along a thickness of the
transduction material.

6. The microstructure of claim 4, wherein the second con-
ductor is in contact with a second transduction material.

7. The microstructure of claim 4, wherein the first conduc-
tor is located within the transduction material.

8. The microstructure of claim 1, wherein the transduction
material is poled perpendicular to a plane of the first buckled
membrane.

9. The microstructure of claim 8, wherein the first conduc-
tor and the second conductor extend along a length of the
transduction material.

10. The microstructure of claim 9, wherein the transduc-
tion material is in the shape of a layer.
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11. A microstructure for harvesting energy, comprising:

a first substrate;

a first buckled membrane, the first buckled membrane is
connected to the first substrate, the first buckled mem-
brane has a first transduction material;

a second substrate; and

a second buckled membrane, the second buckled mem-
brane is connected to the second substrate; the first buck-
led membrane and the second buckled membrane are in
contact over a contact area electrical charge is available
for harvesting in the first transduction material when the
contact area of the buckled membranes translates along
one of their mutually opposite buckling directions.

12. The microstructure of claim 11, wherein the second
buckled membrane has a second transduction material, the
contact area is sized to create substantially a zero stiffness
when the buckled membranes are flexed along one of their
mutually opposite buckling directions, and electrical charge
is available for harvesting in at least one of the first transduc-
tion material and the second transduction material.

13. The microstructure of claim 12, further comprising;

a mass, the mass is mechanically coupled to move with the

contact area.

14. The microstructure of claim 11, wherein the first trans-
duction material is poled using a first conductor and a second
conductor, the first transduction material is poled within a
plane of the first buckled membrane.

15. The microstructure of claim 12, wherein the second
transduction material is poled using a first conductor and a
second conductor, the second transduction material is poled
within a plane of the second buckled membrane.

16. The microstructure of claim 14, wherein the first con-
ductor is located within the first transduction material.

17. The microstructure of claim 15, wherein the first con-
ductor is located within the second transduction material.

18. The microstructure of claim 11, the first transduction
material is poled perpendicular to a plane of the first buckled
membrane.

19. The microstructure of claim 12, wherein the second
transduction material is poled perpendicular to a plane of the
second buckled membrane.

20. The microstructure of claim 18, wherein the first con-
ductor and the second conductor extend along a length of the
transduction material.

21. The microstructure of claim 20, wherein the transduc-
tion material is in the shape of a layer.

22. The microstructure of claim 12, wherein energy is
harvested from the first transduction material while energy is
not harvested from the second transduction material.

23. The microstructure of claim 12, wherein energy is
harvested from the first transduction material and the second
transduction material.

24. The microstructure of claim 23, wherein the first trans-
duction material and the second transduction material
together form a single electrical circuit.

25. The microstructure of claim 23, wherein the first buck-
led Membrane further comprises an additional transduction
material.

26. The microstructure of claim 25, wherein the first trans-
duction material occupies a larger volume than the additional
transduction material occupies.

27. The microstructure of claim 11, wherein the first trans-
duction material is selected from the group consisting of
PVDF, Polyimide, PZT AIN, ZnO and a user defined material.
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28. The microstructure of claim 12, wherein the second
transduction material is selected from the group consisting of
PVDF, Polyimide, PZT, AIN, ZnO and a user defined mate-
rial.

29. A method to harvest energy with a microstructure,
comprising:

providing a first potential energy stop; and

providing a second potential energy stop, wherein the first

potential energy stop and the second potential energy

stop are separated by a distance, such that a pair of 10

opposing buckled membranes can flex between the first
potential energy stop and the second potential energy
stop as a contact area of the opposing buckled mem-
branes translates along a buckling axis, the opposing
buckled membranes are formed with a first buckled
membrane and a second buckled membrane; and
harvesting energy from at least one layer of the opposing
buckled membranes when the contact area of the oppos-
ing buckled membranes translate along the buckling
axis.
30. The method of claim 29, wherein the harvesting is from
a transduction material of one of the opposing buckled mem-
branes while energy is not harvested from a transduction
material of the other of the opposing buckled membranes.
31. The method of claim 29, wherein the harvesting is from
a transduction material in the first buckled membrane and a
transduction material in the second buckled membrane.
32. The method of claim 31, wherein the opposing buckled
membranes together form a single electrical circuit.
33. The method of claim 29, further comprising;
exerting an excitation force on the contact area, wherein a
mass is constrained to move with the contact area and
acceleration of the mass imparts the excitation force.
34. The method of claim 29, further comprising:
charging a rechargeable power source with the energy from
the harvesting.
35. The method of claim 34, further comprising:
providing an electrical interface between the rechargeable
power source and the transduction material.
36. A method for harvesting energy with a microstructure,
comprising:
flexing a buckled membrane with a mass, wherein the
buckled membrane is attached to the microstructure, the
buckled membrane has a transduction material, and the
mass is coupled to the transduction material; and
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harvesting energy from the transduction material during

the flexing.

37. The method of claim 36, further comprising;

summing energy from a plurality of buckled membranes,

wherein the plurality of buckled membranes are
attached to the microstructure and each buckled mem-
brane of the plurality of buckled membranes contains at
least one transduction material.

38. The method of claim 36, wherein the buckled mem-
brane contains more than one transduction material.

39. The method of claim 36, further comprising:

charging a rechargeable power source with the energy from

the harvesting.

40. A method for harvesting energy from a microstructure,
comprising:

generating an electrical charge in a transduction layer, the

transduction layer is part of a first buckled membrane,
the first buckled membrane has a buckling axis, wherein
the generating occurs while the transduction layer
flexes; and

harvesting the electrical charge from the transduction layer

when the first buckled membrane is translated along the
buckling axis.

41. The method of claim 40, further comprising:

providing a restoring force from a second buckled mem-

brane, wherein the restoring force acts on the first buck-
led membrane over a contact area between the first buck-
led membrane and the second buckled membrane.

42. The method of claim 40, further comprising:

controlling a stiffness of the transduction layer during the

harvesting.

43. The method of claim 42, wherein a harvesting/control
circuit is used during the controlling.

44. The method of claim 42, wherein a harvesting/control
circuit is used during the harvesting and the controlling.

45. The method of claim 40, wherein a harvesting/control
circuit is used during the harvesting.

46. The method of claim 45, wherein the harvesting/control
circuit can present at least two different load conditions to the
transduction layer.

47. The method of claim 45, wherein a load condition is
selected from the group consisting of open, short, in between
open and short.



